Abstract. The phenomenon of redistribution of residual stress due to the removal of material layers by electrolytic polishing can be attributed to the disturbance in the initial equilibrium state of the stress caused by the material removal, which must be considered when this technique is used together with X-ray diffraction for residual stress determination. This study investigates these redistributions and involves the development of a numerical simulation model on the ANSYS finite element platform, in which different material removal cases were simulated on a flat plate model. The cases simulated and compared includes the removal of complete layers in incremental depths, the removal of strip layers in incremental widths and depths as well as the removal of square sections in incremental sizes and depths. The main objective deals with the effect of removal depth for the full layer removal and the effect of plate geometry for the square and strip removal models. A mathematical correction technique that was shown to correct the redistributions within minimal limits for the square layer removal process is proposed. Moore and Evans correction as well as Pederson-Hanson correction techniques are currently being used, but both methods are not unique to square section removal corrections and were used for model validation. The correction proposed displayed promising results when applied to simulated data, but lacked enough data and experimental validation to be generalized. The findings show a lot of insight into the redistribution patterns of these stresses as well as the different parameters that affect their behavior.
Introduction
Residual stresses can be defined as the stresses locked in a material, which are in equilibrium in its interior without any external forces acting, due to any heterogeneity of deformation, at micro or macro scale, of different origins, such as mechanical, thermal and metallurgical. The knowledge of the residual stresses and their behavior in a material are of great importance as they affect the performance of the material and ultimately they are often responsible for the failure of mechanical components, or lifetime improvement when skillfully generated [1] .
Residual stresses in crystalline materials can be analyzed non-destructively by the X-ray diffraction (XRD) method, measuring the induced lattice deformations using the lattice distance of specific {hkl} planes as gage length. In the presence of a given stress state, the lattice deformation is a function of the orientation of the diffracting {hkl}-planes relative to the sample's surface. The orientation-dependent variation of the lattice deformation can be related to the underlying stress state. Assuming a plane stress state (due to the small penetration depth of X-rays in metallic materials), the so-called sin 2 ψ method [2] can be used to determine the corresponding residual stresses at material's surface, using specific X-ray elastic constants. One of the most common techniques for residual stress depth profiling is the use of the X-ray diffraction technique in conjunction with the electrolytic layer removal technique. The electrolytic polishing method of material removal allows successful depth profiling without introducing additional stresses [1] . The major concern of residual stress measurements of materials undergoing layer removal is that of redistribution. When material layers are removed, the equilibrium state residual stress profile inherent in the material is disturbed. This causes a distribution of stress as the stresses try to reach a new state of equilibrium. The concept of redistribution, whereby the removed layer disturbs the equilibrium stress state and the stresses redistribution, introduces the need for a correction of the measured stress to depict the stress state more correctly. The correction accounts for these redistributions. Current correction methods include the Moore and Evans theory [3] , Pederson and Hansson theory [4] as well as the Savaria-Bridier-Bocher theory [5] .
In this work, a model able to simulate the material layer removal process for residual stress profiles was developed. The effect of removal depth on the redistribution of residual stress for a full layer removal, strip layer removal and square layer removal model was investigated. In addition, the effect of specimen geometry on the redistribution of residual stress for the square and strip layer removal models was also investigated. The effect of removal geometry on residual stress redistribution was compared. Based on the observed trends, a correction methodology and attempt to generalize it has been studied and proposed.
Numerical Study
A numerical study using the finite element method (FEM) was carried out, using ANSYS code, to analyze and discuss the effect of removal depth on the redistribution of residual stress for a full layer removal, strip layer removal and square layer removal model. For the linear elastic and isotropic material, typical elastic constants for carbon steel, i.e., Young modulus of 210 GPa and a Poisson's ratio of 0.3, were considered. Since the residual stress model is known to be influenced by the plasticity of a material, a bilinear isotropic hardening feature of the material was included. This will ensure additional accuracy if the yield strength is exceeded. For this necessary numerical study, a 2D-dimensional axisymmetric finite element model using 4-node isoparametric elements was developed. To simulate the redistribution of stress due to the layer removal, a quarter model of a 5 mm thickness square plate was considered. The effect of a total 0.5 mm removal layer was analysed. The simulation of the layer removal was carried out in 0.1 mm thickness steps. A total of 5 simulation steps were thus considered for each case. The removal of each layer step was simulated using the so-called "birth and death" ANSYS [6] code features. The in-depth residual stress profiles, simulated by the finite element model, were generated imposing a corresponding temperature gradient to the restrained model, taking into account the elastic constants of the material and its thermal expansion coefficient. For each material layer, the elements at a given depth were subjected to the following in-depth temperature gradient:
where, α is the thermal expansion coefficient, E the Young modulus, υ the Poisson coefficient, σ RS (z) the in-depth equi-biaxial residual stress profile to be generated and z represents the distance to the surface. The FEM model is full constrained and the simulated temperature, given by the equation above, is imposed to each element of the model. In this work a constant temperature gradient equal to 28 °C was imposed to obtain a uniform stress of 96 MPa. After each removal layer, the results were taken considering a path on the edge of the plate, through the plate's center, where the results are of interest, from the top surface to the bottom. The results were extracted along this path to simulate the residual stress profile along the components depth. In this way, the percentage distribution based on different material removal analyses can be compared and evaluated. It should be noted that even though a plastic deformation could have been simulated, the above mentioned method was used because the focus was not on simulating plastic deformations but rather simulating known common residual stress profiles in an attempt to study redistributions that occur. Modelling plastic deformation may also be done as an alternative for a better real life scenario model.
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Results and Discussion
With reference to the results obtained for the full layer removal simulation shown in figure 1 the effect of removal depth on the residual stress redistribution can be observed. As the layer removal depth increased, the redistribution of the residual stress was more evident and pronounced.The findings regarding the effect of depth, is validated by the published data found in [7] . In the referenced study a shot peened profile was simulated using the ABAQUS software and the layer removal was simulated on the initial resulting profile [7] . A larger degree of redistribution is observed for the 15µm depth compared to the 5µm depth removal. This correlates well with the results obtained in the full layer removal simulation, shown in Figure 1 .
Figure 1-Percentage redistribution of residual stress due to complete layer removal
Considering the Moore and Evans full plate correction, which is a standard correction method for full layer removal, the following Equation 2 below can be written when expanding the integrands using Taylor series and considering that electrolytic polishing deals with small depths of material removal:
Where ( 1) is the stress at depth z1, ( 1) is the measure stress at z1 and H is the thivkness of the plate.This equation shows that as removal depth increases ∆ 1 increases and, hence, the correction required increases, implying that the redistribution increases with the depth. This behaviour, once again, correlates with the results obtained in Figure 1 .It was observed that for both the strip removal and square removal results, the redistribution was more pronounced at the surface of the specimen and seems to decrease with depth,shown in figure 2. The Pederson and Hansson study [5] observed a similar redistribution that was more pronounced at the surface for the strip removal simulated, explained it as a notch effect. The notch created by the edge of the removed geometry produces a non-linear distribution and together with the influence of the remaining material adjacent to the groove created, the effect of redistribution is larger at the surface of the material.
The removed geometry is no longer a complete layer but rather a local removal. This implies that a notch effect is created at the edge of the removal geometry creating increased stress gradients in that region, explains the redistribution trend observed. This can be seen in Figure 3 . The explained reasoning regarding the notch effect and the fact that the local removals tend to be larger at the surface and decay with depth, could explain why the change in cross sectional geometry, with constant thickness, results showcased only slight redistribution differences, as shown in Figure  4 . In addition, the Moore and Evans correction,although used for full layer removal, did not account for the cross sectional geometry of the specimen, motivating the conclusion that change in cross section for constant thickness does not affect the redistribution.This implies that the redistribution may be independent of the cross sectional geometry of the specimen. Secondly the effect of thickness change for the square and strip removal both depicted that the redistribution is dependent and affected by the thickness of the specimen, as shown in Figure 5 . This implies that the redistribution is not independent of thickness of the specimen. The results correlate well with the findings that geometrical changes affect the redistribution of residual stress in a flat plate. In addition, the Moore and Evans correction although used for full layer removal did account A Correction method was develped for the square removal process. The difference between the full plate value and simulated XRD value was calculated and plotted as a function of depth. A linear regression was carried out for each plotted line and the gradient and intercept values of the lines were noted. The resulting average gradients and intercepts for each model thickness were plotted against corresponding square removal area and resulting trend lines were computed as shown in Figure 6 for a 5mm thick plate. The graphs will be used to extract a gradient and intercept, for example for a 1mm x 1mm removal the removal area is 1mm^2 hence the extracted gradient is 50.761 and intercept is 6.1536 from the graphs. The correction is then carried out by taking the XRD value + {extracted gradient (depth) + extracted intercept} the implemented correction is shown in Figure 7 It should however be noted that the simulation and correction was based on the simulated results of two cross sections each and additional work is required to confidently conclude its generality in correction of the data however the correction will serve usefull as the basis for future generalisation attempts. Experimental validation is lacking and experimental procedures should try and evaluate and validate the proposed correction. The correction and all attained results was derived for a constant initial residual stress state and its performance on different stress states such as shot peened samples or samples with bending stress states, is inconclusive.
